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ABSTRACT 
An electron microscope  study has been made of octopus and amphibian photo- 
receptors,  after fixing with KMnO4 and embedding in araldite. What has previously 
been seen as a single dense stratum bounding the tubular compartments (octopus) 
or the double membrane discs (rods and cones), now shows a double structure. We 
interpret  this  as  showing that  these  tubules and  discs  have  similar bounding 
surfaces,  which are probably directly related to the cell membrane. This is con- 
firmed  by the finding that the tubules and discs are (at least occasionally)  con- 
tinuous with the cell membrane. 
The structures in the vertebrate eye that contain 
the visual pigments, and which consequently play 
an initial role in the conversion of light energy into 
nerve impulses, are the outer segments of the rods 
and  cones  (Figs.  1,  2).  SjSstrand  (14)  has  shown 
that  they contain piles of so called "double mem- 
brane discs,"  having  the  appearance  of  flattened 
sacs, ~  150 A thick and 200  to 500 A apart, which 
are  arranged  perpendicular  to  the  light  path. 
Throughout  this  paper  the  more  general  term 
"lamella"  is  used,  instead  of  "double  membrane 
disc."  In  OsO4-fixed  preparations,  each  lamella 
appears  to  be bounded by a  single dense surface 
stratum, and appears to contain only a homogene- 
ous  material,  about  as  dense  as  the  cytoplasmic 
matrix (Text-fig. 1 a). 
The  corresponding  photoreceptor  structure  in 
arthropods  has  been identified  (16)  as  the  rhab- 
dome, a refractile structure formed at the borders of 
the pigmented retinula cells. Electron microscope 
studies (6, 8, 9, 19) of various arthropod rhabdomes 
have shown them to consist of close packed hexa- 
gonal arrays of "tubular compartments" or "tub- 
ules,"  ~  300  to  1000  A  in  diameter,  arranged 
approximately  perpendicular  to  the  light  path 
(Text-fig. 2 a). Miller (9) and Fern~ndez-MorS~n (6) 
have provided evidence for believing that these tu- 
* The  substance  of  this  communication was  pre- 
sented  as  a  Demonstration  at  the  Symposium  on 
Electron  Microscopy  held  at  University  College, 
London on April 16-17,  19.59. 
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bular compartments are  microvilliform extensions 
of the retinula  cells. Fern~mdez-Morfin  (6) has shown 
that the contents of each of the tubules is bounded 
by an ~  20 to 30 A thick dense stratum, separated 
from  the corresponding strata of adjacent tubules 
by. an ~  60 A wide gap (Text-fig. 2 a). The recep- 
tor  layer  of  the  retina  of  the  squid  and  octopus 
contains structures whose arrangement and dimen- 
sions have, in the past, caused them to be thought 
of sometimes as rods, and sometimes as rhabdomes. 
However,  their  fine  structure  has  recently  been 
shown to  be much more analogous to  that of the 
arthropod  rhabdome:  they  contain  a  somewhat 
similar arrangement of tubules (of about the same 
dmensions), and they are adjacent to  cells  which 
are similar to arthropod  retinula cells (17,  18). 
We  have  studied  KMnO4-flxed  and  araldite- 
embedded  preparations  of  octopus  "rhabdomes" 
and amphibian (frog and toad)  rods and cones. In 
this note, we are concerned with (a)  the fine struc- 
ture of the membranes of the tubules of the octopus 
rhabdome, (b) the nature of the lamellae in amphib- 
ian  rods  and  cones,  (c)  the  relationship  of  the 
tubules and lamellae to cell surfaces. 
OBSERVATIONS  AND  COMMENTS 
1.  Figs.  5  and  6  show  that  the  closely packed 
tubular compartments of the octopus "rhabdome" 
are  each  bounded  by  separate  cylindrical  dense 
layers.  The  general  arrangement,  disregarding 
details  of  membrane structure, is like  that  found 88  FINE  STRUCTURE OF  RETINAL  PHOTORECEPTORS 
TExT-FIGS. 1 a and 1 b. Cut-away view of a  rod outer segment, summarising the main findings of previous 
workers in 1 a and including our new findings in 1 b. Four lamellae are shown, 'A', 'B', and 'C'  bisected,  and 
'D' intact. The lamellae are completely surrounded by the cytoplasmic matrix of the outer segment (though some 
authors have found them to be touching the cell surface membrane along part of their rim)  (homog. mat., homoge- 
neous material.) 
'B'  is enlarged on the right (Text-fig.  1 b)  to show the layers within each lamella,  as described by previous 
workers. In b the more detailed structure of the lamella, as derived from the present work, is included. 
TExT-FIG. 2 a. Diagram of the close packed tubules of the insect rhabdome, constructed from a description by 
Ferngndez-Mor~.n (6)  of OsO4-fixed preparations. The details of the membranes of two neighbouring tubules are 
shown enlarged on the left. The 20 to 30 A thick dense surface strata of neighbourlng tubules are separated by 
an ~'~ 50 A gap. 
TExT-FIG. 2 b. The close packed tubules of the octopus "rhabdome," as found by us (Fig.  5) in KMnO4-fixed 
preparations. The details of the membranes of two neighbouring tubules are shown enlarged on the right. Addi- 
tional structural detail (described in the text) is seen between the tubules: instead of three strata, five are now 
distinguished. 
by Fern~mdez-Mor/m (6, Text-fig. 2 a) in the insect 
rhabdome.  The  surface  membrane  of  each  tu- 
bule  is  not,  however, a  single dense line  ~  20  to 
30  A  thick as  described by Fern~mdez-Morln (6), 
but rather two parallel dense lines, each  ~  20  A 
thick, separated by a  narrow gap of  ~  35  A, the 
whole structure forming a  "unit  membrane"  (see 
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TExT-FIG. 3.  Diagram  of  the  hairpin loop  at  the 
edge  of a  lamella.  Compare  with  Fig.  4  (inset), and 
refer to text for lettering. 
tubules  touch,  they  adhere  to  give  a  dark, 
thickened layer  (Text-fig.  2  b).  This layer, which 
occurs in the middle of the "gap"  between neigh- 
bouring tubules, has not,  to  our knowledge, been 
described  by  previous  investigators.  It  has  also 
been seen by us in some OsO4-fixed  preparations. 
2.  Previous  observations  on  the  lamellae  of 
vertebrate  rods  and  cones  have  shown  them  to 
contain, inside  their  single dark  bounding layer, 
only a  homogeneous  material  about  as  dense  as 
cytoplasmic matrix (Text-fig.  1 a).  Figs. 3 b, 4,  7, 
and  8  show that  there is a  dark layer or stratum 
in the middle of this homogeneous material (Text- 
fig. 1 b).1 This is shown as S in Fig. 4 (inset). At the 
edges of a lameUa the outer ~20 A dense strata (s' 
in Text-fig. 3) are continuous in a hairpin loop. The 
central dense stratum (S)  is seen to be formed by 
contact of two continuous ~  20 A dense strata (s) 
running parallel to the outer stratum (s  t) and sepa- 
rated from it by a light interzone (i) ~  35 A across. 
These relations are shown in Fig. 4  (inset). Occa- 
sionally the  two  central dense strata  (s)  are seen 
separated in otherplaces, e.g., g in Fig. 4. It appears 
that the ~  150 A thick lamellae are formed by the 
adhesion of two  ~  75 A thick "membranes" (m in 
Text-fig. 3),  each  consisting of  two parallel dense 
lines separated by a  narrow gap. 
Recently some new criteria have been set up for 
defining  cell  or  plasma  membranes  (10-13).  A 
structure consisting of two parallel dark lines ~  20 
A  thick separated  by  a  light  zone ~  35 A  across 
has been found to be characteristic of all cell meta- 
l Fern~.ndez-Mor~in (Science, 1959, 129,  1285) states 
in  an  abstract  that  he has observed  a  central dense 
stratum of comparable thickness in this place. 
branes and their derivatives after KMnO4 fixation 
and  (though  less  frequently)  OsO4 fixation. This 
structure, the "unit membrane," is clearly identical 
with  the  "membranes"  (described above)  bound- 
ing photoreceptor  lamellae or tubules. This alone 
suggests that these structures might be derivatives 
of  the  cell  membrane.  We  have  found  that  the 
surfaces  of  the  lamellae  and  tubules  are  often 
continuous  with  the cell membrane. Therefore,  all 
these structures are considered to be derivatives of 
the cell membrane. 
Unit membranes may adhere along  either their 
inner  or  outer  surfaces,  forming  "internal"  or 
"external"  compound  membranes,  respectively 
(12).  Our  evidence indicates  that  the  compound 
membranes  of  the  vertebrate  photoreceptors 
studied  are  of  the  external  type.  These  external 
compound  membranes,  shown  consistently  and 
clearly after KMnO, fixation, are less often clearly 
visible after fixation with OsO4, because the middle 
dense  stratum  is  not always  well preserved.  It is 
interesting to compare this with a similar situation 
encountered in myelin. Each myelin lamella is an 
external compound membrane joined to its neigh- 
bours in the compact myelin structure. The intra- 
period  line of  myelin corresponds  to  the  central 
dense  stratum  of  free  external  compound  mem- 
branes. After KMnO4 fixation the intraperiod line 
of  myelin is always clear and distinct  (7,  10-13). 
After OsO4 fixation, though the period remains the 
same, the intraperiod line often is not seen at all, or 
appears as irregular gramdes. An anologous situa- 
tion exists in photoreceptor structures. 
3.  Miller  (9)  has  presented  evidence  for  be- 
lieving that the tubules seen in the rhabdome of the 
horseshoe  crab  (Limulus)  are  actually  microvilli 
of  the  retinula  cells.  Fern~ndez-Mor~n  (6)  has 
found a similar structure in some insect rhabdomes. 
Although the tubule system of the octopus "rhab- 
dome"  is highly complex,  we  have  evidence that 
some of  the  tubules are  microvilli of  the  retinula 
cells. This indicates that  the  ~  150 A  compound 
membranes are of the external type. 
The thickness and separation of the membranes 
forming the lamellae in vertebrate  photoreceptors 
is similar in rods  and  in cones,  though  Sj6strand 
(14)  and De Robertis  (3)  have found some differ- 
ences. In the frog and toad retina, we have found 
the lamellae of the rods and cones to be identical, 
in so far as they are both formed by the apposition 
of  two  unit  membranes.  However,  in  agreement 
with  others,  (5,  14)  we  have  noted  that  the  rod 90  FINE  STRUCTURE OF  RETINAL PHOTORECEPTORS 
TExT-FIG.  4.  Diagram  of  the  outer  segment of an 
amphibian  cone.  The  lamellae are  formed  by  intuck- 
ings  of  the  cell membrane.  Sections  in  plane  A,  e.g. 
Figs.  1,  7  "a," would show in-tuckings on both  sides 
of the section; those in plane B,  e.g.  Figs. 3,  7, would 
show these only on one side. 
lamellae often have deep incisions which appear to 
be lacking in the lamellae of the cones. FernSmdez- 
Morfin  (5),  in  studies  of  fragmented  frog  rods, 
showed  that groups of lamellae are often oriented 
with  their  corresponding  incisions  directly  above 
one  another.  We  have  found  this  orientation  to 
occur  over  considerable  distances,  giving  rise  to 
long channels in longitudinal sections (Fig. 4). 
There is a  further  important  difference between 
the  rods  and  cones  in  the  relation  of  the  discs  to 
the rest of the outer segment.  In longitudinal sec- 
tions of rod outer segments,  the great majority of 
the lamellae show  no  connection,  in  the  plane  of 
section, with the surface membrane (Fig. 2). How- 
ever, part o[ the rim of every cone lamella is joined 
to the cell membrane of the outer segment (Figs.  1, 
3  a,  3  b,  and 7).  In every specimen we have exam- 
ined, all the lamellae of the cone are in-tuckings of 
the  surface  membrane,  as  shown  in  Text-fig.  4.  2 
2 Since the  completion of this work,  Sj~Sstrand (15) 
has  published  similar  conclusions  concerning  the 
Every longitudinal section of the outer segment of 
a  cone corresponds  to either plane A  (Figs.  1,  7 a) 
to the cell membrane of the outer segment (Figs. 1, 
or plane B  (Figs. 3 a, 7)  in Text-fig. 4.  So the cone 
lamellae,  being  formed  by  the  adhesion  of  the 
outer surfaces of two unit membranes,  are external 
compound membranes. 
Although  the  great  majority  of  rod  lamellae 
seem to be unconnected with the cell surface, occa- 
sional ones,  at the base of the outer segment,  can 
be  seen  to  be  formed  from  the  cell surface  as  in- 
tuckings  (Fig. 8).  Since it would appear rather un- 
likely that  there  are  two  distinct  mechanisms  for 
the formation of rod lamellae, we suspect  that  all 
the lamellae form as in-tuckings of the cell surface. 
It cannot yet be decided whether the area of con- 
nection  disappears  by  a  "pinching-off"  process 
(making  isolated lamellae),  or whether  it persists, 
but is confined to so small a  region that  the plane 
of section rarely passes through it. The mechanism 
suggested by our findings differs from that  postu- 
lated  by  Carasso  (1)  and  De  Robertis  (2).  Ac- 
cording to their hypothesis, the lamelfae are formed 
by  the  progressive  fusion  of  intracytoplasmic 
vesicles. 
Studies of the dichroism of frog rods,  e.g.  refer- 
ence  4,  have  indicated  a  high  degree  of  parallel 
orientation among the rhodopsin molecules, which 
suggests that they are attached in or very near the 
lamellae. At least in the case of cones, the lamellae 
are continuous extensions of the limiting membrane 
of the visual cell. The in-tucking mechanism  thus 
provides  a  direct  morphological  continuity  be- 
tween  the  site  of  light  absorption  (the  lamellae), 
and  the  cell  membrane  of  the  visual  cell.  This 
continuity of the cell membrane may be important 
in  the transmission  of the signal after light recep- 
tion. 
The  authors  wish  to  express  their  appreciation  to 
Professor J. Z. Young for his constant support through- 
out all phases of this work. They also wish to acknow- 
ledge the  technical  assistance  of  Mrs.  Rose Wheeler, 
and  the photographic  assistance  of Mr.  Alan Aldrich 
and Mr. Brian Cowley. 
~EFERENCES 
1.  Carasso,  N.,  ]~tude  au microscope electronique de 
la morphogenbse du segment externe des cellules 
vlsuelles chez  le Pleurod~le, Compt.  rend.  Acad. 
sc., 1959, 248,  3058. 
formation  of  the  lamellae  in  fish  and  mammalian 
photoreceptors. M.  F.  MOODY  AND J.  D.  ROBERTSON  91 
2.  De Robertis, E., Morphogenesis of the retinal rods, 
J. Biophyslc. and Biochem.  Cytol.,  1956, 2, No. 4, 
suppl., 209. 
3.  De  Robertis,  E.,  and  Lasansky,  A.,  Submicro- 
scopic organisation of retinal cones of the rabbit, 
Y. Biophysic.  and Biochem.  Cytol.,  1958, 4, 743. 
4.  Denton, E. J., The contributions of the orientated 
photosensitive and other molecules to the absorp- 
tion of the whole retina, Proc. Roy. Soc. London, 
Series B,  1959, 150, 78. 
5.  FernSndez-Mor~in,  H.,  The  submicroscopic  struc- 
ture of nerve fibres,  Progr.  Biophysic.,  1954, 4, 
131. 
6.  Fern~ndez-Mortfn, H.,  Fine structure of the light 
receptors in the compound eyes of insects, Exp. 
Cell Research,  1958, suppl. 5, 586. 
7.  Fern~indez-Mor~in, H., and Finean, ]. B.,  Electron 
microscope  and  low  angle  x-ray  diffraction 
studies of the nerve myelin sheath, Y. Biophysic. 
and Biochem.  Cytol.,  1957, 3, 725. 
8.  Goldsmith, T. H., and Philpott, D. E., The micro- 
structure  of  the  compound  eyes of  insects, J. 
Biophysic.  and  Biochem.  Cytol.,  1957, 3,  429. 
9.  Miller,  W.  H.,  Morphology  of  the  ommatidia of 
the compound eye of Limuhts, J. Biophysic. and 
Biochem.  Cytol.,  1957, 3, 421. 
10.  Robertson, J. D., The ultrastructure of frog muscle 
spindles,  motor  endings  and  nerve  fibers,  J. 
Physiol.,  1957, 137, 6-8 P. 
11.  Robertson, J.  D., New  observations on the ultra- 
structure  of  the  membranes of  frog  peripheral 
nerve fibers, J.  Biophysic.  and  Biochem.  Cytol., 
1957, 3, 1043. 
12.  Robertson,  J.  D.,  Structural  alterations in  nerve 
fibers  produced  by  hypotonic  and  hypertonic 
solutions, J. Biophysic. and Biochem.  Cytol., 1958, 
4, 349. 
13.  Robertson, J.  D., The ultrastructure of cell mem- 
branes  and  their  derivatives,  Biochem.  Soc. 
Syrup.,  1959, No.  16, 3. 
14.  Sj~istrand,  F.  S., The ultrastructnre of the retinal 
receptors  of  the  vertebrate  eye,  Ergebn.  Biol., 
1959, 21, 128. 
15.  Sj6strand, F.  S.,  Fine structure of cytoplasm: the 
organization of  membranous layers,  Rev.  Mod. 
Physics, 1959, 31, 301. 
16.  Wald,  G., and Hubbard, R.,  Visual pigment of a 
decapod  crustacean:  the  lobster,  Nature,  1957, 
180, 278. 
17.  Wald,  G.,  and  Philpott,  D.  E.,  Photochemical 
aspects of visual excitation, Exp.  Cell. Research, 
1958, suppl.  5, 389. 
18.  Wolken, j'. J., Retinal structure. Mollusc cephalo- 
pods: Octopus, Sepia, J. Biophysic. and Biochem. 
Cytol.,  1958, 4, 835. 
19.  Wolken, J. J., Capenos,  J., and Turano, A., Photo- 
receptor  structures.  III.  Drosophila  mdano- 
gaster,  J.  Biophysic.  and  Biochem.  Cytol.,  1957, 
3, 441. 92  FINE  STRUCTURE  OF  RETINAL  PHOTORECEPTORS 
EXPLANATION OF  PLATES 
PLATE 27 
FIG. 1. General view of part of the inner segment (i.s.),  oil drop (o.d.),  and outer segment (o.s.)  of a frog cone. 
The light travels from left to right. The outer segment contains piles of lamellae, arranged perpendicular to the 
light path. On either side of the cone are two rod cells.  (M,  mitochondria; e.c.,  extracellular  space.)  All  figures 
are of KMnO4-fixed preparations. )<  14,000. 
FIG. 2. Part of the inner segment (i.s.)  and outer segment (o.s.)  of a  frog rod. The light travels from left to 
right. The outer segment contains piles of lamellae arranged perpendicular to the light path. X  13,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  27 
VOL. 7 
(Moody and Robertson: Fine structure of retinal photoreceptors) PLATE 28 
FIG.  3 a. The outer segment of a  frog cone, showing an area of continuous cone  cytoplasmic  matrix  (cyt.)  on 
the periphery of which many lamellae (l.)  are formed from in-tuckings (i) of the cell membrane. The cone is  corn 
pletely surrounded by an extracellular region (e.c.).  The dotted rectangular region is enlarged in Fig. 3 b. X  37,000. 
Fro. 3 b. Enlarged portion of Fig. 3 a, showing the unit membrane structure of the lamellae and their formation 
as in-tuckings (i) of the cell surface. The arrow indicates the hairpin loop (h.l.)  in which the unfused central layers 
can be most clearly seen. X  120,000. 
Fro. 4. Part of the outer segment of a  frog rod  (the direction of the light  path  being from left to right). The 
plane of section includes an incision passing through a  whole series of lamellae. The lamellae bordering the cyto~ 
plasmic matrix of the incision show hairpin loops (arrows and inset enlargement).  The  alignment of the  disconti- 
nuities forms a  continuous channel  (c), showing that  the lamellae are piled with the incisions above one another. 
X  130,000.  The details in the inset enlargement (X  310,000)  are discussed in the text. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  28 
VOL.  7 
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FIG,  5.  Cross section of the octopus "rhabdome" showing tubules --~ 500  A in diameter close packed in hexagonal 
array.  Each tubule is bounded by a  "membrane"  (u.),  composed of two parallel dense  strata,  an outer  (o.), and 
an inner one (i.). The outer strata of contiguous tubules adhere to give a dark, thickened layer (t.).  X  260,000. 
FIG.  6. Tubules  of  the octopus  "rhabdome"  seen  in  longitudinal  section.  The  compound  membranes at  the 
junction of the tubules can be seen between the  aligned arrow  tips. They  are  usually  absent  because  the  highly 
curved surface membranes of the tubules lie only occasionally at right angles to the plane of the section.  X  210,000. 
FIo. 7. A frog cone, showing the formation of the lamellae (/.)  by in-tuckings (i.) of the  cell membrane from the 
left.  ("a", "b", and "c"  are the corresponding inset enlargements below).  "Hairpin loops" (h.l.)  are formed at the 
cytoplasmic borders of the lamellae  (note inset  enlargement of "c").  The group  of lamellae to  the right  has a 
continuous layer of cytoplasmic matrix  (cyt.), and corresponds to plane "B"  of Text-fig. 4.  X  69,000. 
F1o.  8. The outer segment of a  rod  (frog), showing detailed structure of the lamellae (l.). The  cell  membrane 
(c.m.)  forms a lamella at an in-tucking (i).  X  160,000. THE  JOUR.NAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  29 
VOL. 7 
(Moody and Robertson: Fine structure of retinal photoreceptors) 